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AMTBACT 

Novel  vinyl  monomer*  containing  the  «-CT|  group  or*  ohown  to  to* 
anno*  the  propensity  toward  chain  aciaaion  during  radiation  degradation  wad 
increaao  the  electron  beam  mnaitivity  in  copolymer*  with  methyl  meth¬ 
acrylate  and  methacrylomtrile.  The  incorporation  at  S3  m/o  of  .-trifluoeo- 
methacrylonitrile  (TPMAN)  into  poly  (methyl  methacrylate)  increaao*  aan- 
aitivity  from  SO  x  10  *  to  S  x  10  *  C/cm*  (at  S  kev),  inrreaaea  G.  from 
1.S  to  3.1.  and  decreaaea  the  etch  rat*  from  100  to  ft  A/ min  Similar  benefi¬ 
cial  result*  come  from  incorporating  TTMAN  into  methacrylonitrile  (MCN) 
copolymer*.  Poly ( trifluoroethyl  methacrylate)  ia  a  highly  aenaitiv*  re- 
aiat  (Q  =  2  to  3  x  10  *  C/cm»)  but  it  eahibita  a  high  etch  rat*  (U0  A/min). 
Incorporation  of  SI  m/o  MCN  into  thia  polymer  decreases  the  etch  rate  to 
N  A/min  while  preserving  a  high  aenaiuvity  (3-4  x  10~*  C/cm*).  The  O, 
and  O,  values  of  these  homo-  and  copolymer  lystema  aa  well  a*  the  co¬ 
polymer  of  methacrylonitrile  with  methyl  a-fluoroocrylate  (MPA)  were  ob¬ 
tained.  The  homopolymer  of  MPA  croaa-Unk*  on  irradiation  hut  ita  MCN 
copolymer*  lend  to  be  positive  resist*  with  G,  value*  lower  than  that  expected 
if  o a  war*  a  linear  function  of  the  MPA  mol*  fraction. 


The  Incorporation  of  fluorine  and  chlorine  into  vinyl  In  contrast,  fluorine  incorporation  into  the  eater  group 
polymer*  for  ua*  aa  electron-beam  (1)  or  x-ray  (2)  of  methacrylate  polymer*  (e.p.,  fCHrCICH*) (COiCH- 

reaiets  ia  a  topic  of  increaaing  interest,  fluorine  and  (CP*)t)  )„)  waa  found  to  enhance  the  chain  aciaaion 

chlorine  each  have  high  x-ray  absorption  coefficient*  susceotibility  over  that  of  the  classical  system.  poly- 
The  atomic  absorption  coefficient  at  4.1SA  for  chlorine  (methyl  methacrylate)  (5). 

ia  1*14  (SI  tiaaaa  that  of  carbon)  while  that  ter  fluorine  Nucn  studies  provide  the  fundamentally  important 
at  ASA  la  ISM  (3.4  time*  that  of  carbon).  Also,  the  radiation  G- value*  and  allow  successful  prediction  of 
Incorporation  of  hategem  might  modify  the  radiation  radiation  roaiat  behavior  for  integrated  circuit  fabrica- 

dagradation  chemistry  (S)  by  providing  favored  path-  lion  application*  We  now  report  further  novel  fluorine- 

way*  tor  chain  aciaaion.  Indeed,  we  have  shown  that  containing  polymers  Including  those  where  the  •- 

poly  (methyl  e-chloreacrylate)  exhibits  a  very  high  substituent  ia  -P  or  -CP*,  aa  well  aa  copolymers  of 

chain  aciaaion  propensity  (O.  >  •)  (4).  Recently,  we  2,2,1-trlfluoroethyl  methacrylate  (TPtM)  with  math- 

reported  that  fluorine  incorporation  at  the  .-position  of  acrylonitrile  (MCN).  The  monomer  --trifluoromethyl- 

aa  acrylate  (i.e.,  ICHtC(P)  (COiCH*) ),)  dramatically  acrylonitrile  (TTMAN)  was  copolymeriaed  with  meth- 

re versed  the  degradation  behavior  found  for  other  a-  acrylonitrile  and  methyl  methacrylate  (MMA),  while 

suhotituento  (*4).,  CN,  CM*.  O,  CHaCOfCH*).  to  that  of  methyl  «-trifluoromethylacrylate  (TPMMA)  was  ce- 

a  predominantly  creaa-linking  negaUve  racist  (5,  •)  polymerised  with  methyl  methacrylate.  The  radiation 

degradation  susceptibilities,  electron  beam  sensitivities, 
and  plasma  etch  rates  tor  these  systems  have  been  ob¬ 
tained.  The  structural  formulas  and  designated  abbre¬ 
viation*  used  throughout  the  paper  are  too  am  on  the 
following  page. 
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Thee*  polymer  structural  are  of  particular  Interest  in 
view  of  Kakuchi's  report  (7)  that  the  electron  beam 
sensitivity  of  poly  (hexafluorobutyl  methacrylate)  was 
4  x  10 -T  C/cm*  and  its  x-ray  sensitivity  was  44  times 
man  sensitive  than  poly  (methyl  methacrylate),  e.p., 
PUMA.  They  represent  now  structures  in  a  larger  pro¬ 
gram  in  our  laboratories  to  ascertain  the  radiation 
degradation  susceptibilities,  electron  beam  behavior, 
and  plasma  etch  rates  of  potential  resist  polymers  as  a 
function  of  polymer  structure  (4-14). 


molecular  weights  were  determined  by  gel 
chromatography  (OPC)  or  membrane 
(MOW).  OPC  was  performed  using  a 
Water  Associates  Model  Ml  chromatograph  equipped 
with  four  mtarostyragal  columns  (exclusion  Siam:  10s, 
14*.  14*.  and  14*).  OPC  measurements  were  nude  at  a 
flew  rate  of  1.4  em*/min  of  CHCU,  THF,  or  DMT;  the 
solvent  ueed  was  dicta  tod  by  the  copolymer  solubility. 
The  ‘'Universal  Calibration"  method  was  used  to 
analyse  the  OPC  data,  and  the  PMMA  calibration  curve 
was  used  far  CHCU  and  THT  data.  A  polystyrene  cali¬ 
bration  curve  waa  used  for  DMF  OPC  data.  MOSM  was 
with  a  WMCAN  Model  MO  Osmometer  at 
using  acetonitrile  or  MIX  aa  solvent  Molecular 
l  data  far  the  polymers  synthaaiaad  and  fraction- 
in  this  study,  prior  to  irradiation,  are  found  in 
Table  L  Irradiations  and  data  analysis  to  obtain  G 
(ssMon).  Ok  and  O  (cross-link),  Q„  were  carried  out 
I  previously  (4-14). 


The  synthesis  of  methyl  s-fluoroacrylate,  MPA,  has 
been  described  elsewhere  (14)  and  the  preparation  of 
trifluoromethacrylonitrile  and  methyl  sr-trifluoro- 
methylacrylate  will  be  described  subsequently  (18). 
The  MFA/MCN  copolymers  were  prepared  by  emul¬ 
sion  polymerization  at  50*  using  K*S»Oi  as  the  initiator 
and  sodium  lauryl  sulfate  as  the  surfactant  The  emul¬ 
sions  were  deoxygenated  by  nitrogen  purging  and 
stirred  magnetically.  The  copolymer  lattices  were  co¬ 
agulated  by  pouring  into  stirred  methanol,  altered,  and 
dried  overnight  in  oacuo  at  40-80*C.  MFA/MCN  co¬ 
polymers  were  fractionated  by  dissolving  Mg  of  poly¬ 
mer  into  480  ml  of  acetonitrile  and  adding  methanol 
dropwise  in  the  usual  fashion.  The  copolymer  compo¬ 
sitions  were  determined  by  elemental  analysis  for 
fluorine  and  for  carbon.  The  synthetic  details  are  given 
in  Table  IL 

124-Trifluoroethyl  methacrylate  was  prepared  in 
good  yield  from  methacrylyl  chloride  and  844-triflu- 
oroethanol  in  the  presence  of  triethylamine  using 
standard  methods.  It  was  copolymeriaad  with  MCN  us¬ 
ing  the  emulsion  method  described  above  for  MPA/ 
MCN  copolymerixations  and  the  conditions  and  results 
are  in  Table  IL 

Trifluoromethacrylonitrile  was  copolymeriaad  with 
MMA  or  MCN  by  bulk  polymerisation  using  aaobisiso- 
butyro nitrile  (t.g.,  AIBN)  as  the  initiator.  The  mono¬ 
mers  and  AIBN  were  weighed  into  an  ampul  and  the 
solution  was  degassed  by  throe  alternate  vacuum  fraeae 
thaw  cycles.  The  ampul  was  sealed,  immersed  in  an  oil 
bath  for  the  reaction  period,  cooled,  broken,  and  the 
resulting  block  of  polymer  was  dissolved  in  acetone. 
The  copolymers  were  purified  by  reprecipitations  from 
acetone  into  methanol  followed  by  drying  hi  oacuo. 
Methyl  e-trifluoromethylacrylate  was  copolymeriaad 
with  MMA  in  the  same  manner.  Table  II  lists  conditions 
and  results. 

The  electron  boom  resist  sensitivities,  in  Table  IV. 
were  obtained  at  80  keV  using  an  KTXC  LZBXS  t- 
beam  microfabricator.  The  values  are  for  a  4400A 
original  resist  thickness  with  no  lorn  in  nnaxppesd  re¬ 
sist  thickness  during  development  Resist  film  thick¬ 
nesses  were  measured  with  a  Tencor  Alpha-step 

Plasma  etch  rates  were  Obtained  with  either  an  IPC 
4408  or  Tegsl  481  reactor.  The  rf  power  during  etching 
was  104  and  180W  for  the  IPC  4404  and  the  Tsgal  481. 
respectively.  The  pressures  were  0.7  and  0.8  Ttorr  of 
CF«/4%  O*  and  CF«/4%  Oi  gas  mixtures,  respectively 
The  reported  values  are  reproducible  to  ±18%. 


The  MFA/MCN  copolymers,  when  ^-irradiated  in 
oacuo,  predominantly  degrade,  as  shown  in  Table  III. 
Tbs  MCN  bomopolymar  exhibits  a  large  (8.8)  value  of 
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O,  and  On  is  aero,  whereas  the  MFA  ho  mo  polymer  is  a 
negative  resist  (G,  —  Gt  =  —1.1).  As  one  increases 
the  MFA  content  of  MFA/MCN  copolymers  from  18  to 
30  to  40  mole  percent  (m/o),  the  values  of  G,  fall  from 
19  to  10  to  1.9,  respectively.  It  is  remarkable  that  the 
G,  value  is  sera  for  both  the  10  and  30  MFA  m/o  co¬ 
polymers  and  that  of  the  40%  copolymer  is  almost  zero 
(i.e.,  0.04)  when  the  G»  value  for  the  MFA  homopoly¬ 
mer  is  about  +1.  Apparently,  the  cross-linking  is  a 
second-order  process  which  is  largely  “diluted  out”  in 
the  copolymer  samples.  These  results  are  graphically 
displayed  in  Fig.  1.  As  we  recently  found  for  other 
copolymers,  G.  is  approximately  linearly  related  to  the 
Mi/Jft  composition  and  G,  varies  as  a  power  depen¬ 
dence.  This  was  previously  shown  for  several  copoly¬ 
mer  systems  including:  methyl  a-chloroacrylate/meth- 
acrylo  nitrile  (4),  methyl  a-fluoroacrylate/methyl 
methacrylate  (•),  «-chk>roecrylorutrile/methyl  meth¬ 
acrylate  (10),  and  vinylidene  chloride/methyl  meth¬ 
acrylate  (1$).  The  G,  experimental  values  all  fall  be¬ 
low  tboee  predicted  by  a  straight  line  drawn  between 
the  homo  polymer  values. 

The  homo  polymer  of  2,2,2-trifluoroethyl  methacry¬ 
late,  ITEM,  and  its  methyl  methacrylate,  MM  A,  co¬ 
polymers  were  shown  to  be  positive  resists.  The  homo¬ 
polymer  exhibits  G,  =  2.3  and  G,  =  0.  Similarly, 
TFEM/MCN  copolymers  degrade  efficiently  over  the 
entire  Mt/Mt  composition  range  and  no  evidence  for 
cross-linking  was  found  (e.g.,  Gz  —  0,  see  Table  Ill). 
Since  Ot  =  0  for  both  the  homopolymers  of  TFEM  and 
MCN,  this  was  expected  for  the  copolymers.  As  the 
MCN  content  increases,  G.  increases. 

All  these  copolymers  have  a  greater  propensity 
toward  scission  than  MMA.  The  MCN  component  domi¬ 
nates  because  PM CN  has  the  larger  homopolymer  G, 
value. 


The  goal  of  examining  the  effect  of  a-trifluoromethyl 
substitution  was  achieved  by  (i)  preparing  a-trifluoro- 
methylacrylonitrile  and  methyl  a-trifluoromethylacry- 
late,  (ii)  copolymerizing  the  former  with  MMA  and 
MCN,  and  (iii)  copolymerizing  the  latter  with  MMA. 
Radical  initiated  homopolymerizations  of  these  new 
monomers  were  sluggish  and  their  homopolymers  were 
not  examined.  Since  the  C-F  bond  is  stronger  than  the 
C-H  bond  and  F  is  much  more  electronegative  than  H, 
the  effect  of  replacing  —  CHS  by  —  CF»  on  chain  scission 
was  of  interest.  As  shown  in  Table  III,  the  incorporation 
of  0  or  32  m/o  of  TFMAN  into  TFMAN/MMA  copoly¬ 
mers  causes  a  large  increase  in  G.  (e.g.,  to  3.1  in  the  lat¬ 
ter  case  os.  G«  =  1.3  for  PMMA).  No  tendency  to  cross¬ 
link  was  found  for  TFMAN/MMA,  TFMAN /MCN,  or 
TFMMA/MMA  copolymers  (e.g.,  Gz  =  0)  The 
TFMAN /MCN  copolymers  degrade  with  approximately 
the  same  propensity  as  PMCN.  Furthermore,  when 
only  11%  TFMMA  is  incorporated  into  the  TFMMA/ 
MMA  copolymer,  G,  increases  to  2.4  from  its  value  of 
1.3  for  PMMA.  Taken  together,  these  results  show  that 
an  a-CFs  group  at  a  quaternary  position  leads  to  ready 
radiation  degradation. 

These  systems  were  next  studied  as  electron  beam 
resists.  Lithographic  images  can  be  developed  with 
poly(methacrylonitrile),  PMCN,  but  toxic  nitrile  de¬ 
velopers  need  to  be  used.  However,  PMCN  does  have  a 
high  glass  transition  temperature  (Tg  =  120‘)  and 
good  plasma  etch  resistance.  Thus,  its  copolymers, 
which  are  soluble  in  a  variety  of  solvents,  are  logical 
resist  candidates.  Poly(2,2,2-trifluoroethyl  methacry¬ 
late),  PTFEM  exhibits  an  electron  beam  sensitivity  of 
2-3  x  10  4  C/cm*  which  is  1.0x  more  sensitive  than 
PMCN,  but  PTFEM  has  a  lower  Tg  (00*)  and  a  poorer 
CF4/O1  etch  resistance  than  PMCN  (i.e.,  230  A/ min  for 
PTFEM  os.  80  A/mln  for  PMCN).  The  TFEM/MCN 
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Fig.  1-  <»•  ond  Gz  n.  m/a  MFA  for  irradiated  MFA/MCN  to- 
Folfoin.  TIm  solid  lino  (lowor)  is  a  least  squares  fit  of  ell  G« 
data.  The  triaaglas  are  GPC  data,  tke  closed  circles  MOSM  data, 
aad  the  open  circles  GPC  data.  The  apper  solid  line  is  a  power 
earn  fit  of  the  G*  data,  Gx  =  9.44  x  10->o  [MFA]4  3.  The  dash 
line  it  a  straight  lias  connecting  the  homopotymer  Gx  values. 


copolymer  system  should  blend  the  better  characteris¬ 
tics  of  both  homopolymers.  Indeed,  the  69/31  TFEM/ 
MCN  copolymer  (G,  =  2.2,  Gr  =  0)  was  found  to  have 
an  intermediate  glass  transition  temperature  of  86°  and 
an  intermediate  CFWOt  etch  rate  of  93  A/min  while 
maintaining  a  sensitivity  5-6  times  higher  than  that  of 
PMMA  (i.e.,  Q  —  3-4  x  10~3  C/cm2  for  this  copolymer 
v$.  Q  =  20  x  10-*  for  PMMA,  5-7  x  10~3  C/cm2  for 
PMCN,  and  2-3  x  10“*  C/cm2  for  PTFEM). 

The  observed  E-beam  resist  sensitivity  of  the  70/30 
TFEM/MMA  copolymer  (2-3  x  10~»  C/cm2)  is  very 
close  to  that  of  the  PTFEM  homopolymer  value.  Since 
this  copolymer,  like  the  69/31  TFEM/MCN  copolymer, 
contains  about  70%  TFEM,  these  sensitivities  are  not 
surprising.  Approximately  half  of  the  increase  in  sen¬ 
sitivities  vs.  PMMA  can  be  accounted  for  on  the  basis 
of  the  larger  copolymer  G,  values.  The  remainder  must 
be  attributed  to  dissolution  rate  effects  caused  by  the 
buildup  of  deesterification  radiation  products  (e.p.,  CO, 
COs,  CH»CFs,  etc.)  in  the  polymer. 

The  MFA/MCN  copolymers  behave  as  positive  re¬ 
sists.  When  the  MFA  concentration  is  ^50%,  however, 
the  resist  dose  working  range  gets  prohibitively  small 
and  swelling  of  the  resist  becomes  unacceptably  poor, 
as  is  observed  for  the  negative  behaving  PFMA  homo¬ 
polymer.  At  20/80  MFA/MCN,  however,  the  copolymer 
performs  well  and  swelling  is  minimal.  The  sensitivity 
of  the  20/80  MFA/MCN  copolymer  is  very  close  to  that 
of  PMCN,  and  its  Tg  is  higher.  The  etch  rates  for  all 
the  MFA/MCN  copolymers  are  low  as  expected,  based 
on  the  low  etch  rates  of  PMFA  and  PMCN  (see  Table 
IV). 


TeMs  IV.  flesN  otcMog  rota*  wf  ofottroa  Woaa  MMkMHa* 
of  ffosnaa-taafeWag  koata-  sag  cayahfatan 


•  Using  CF./O,  pigim»s  ( wa  Experimental  section). 

2  A  negative  relist  tt  10  keV. 

*  Resist  swells  badly  ( see  text) . 

4  This  polymer  exhibits  a  Tt  of  78’  which  I*  between  that  of 
PMMA  (108°)  and  PTFEM  (80°). 


The  effect  on  lithographic  properties  of  incorporat¬ 
ing  an  a-trifluoromethyl  group  can  be  illustrated  by 
the  32/68  TFMAN/MMA  copolymer  (Table  IV).  Its 
electron  beam  sensitivity  was  3  x  10~3  C/cm2  which 
is  about  the  same  as  that  exhibited  by  P(TFEM)  and 
6-7  times  that  of  PMMA.  This  is  consistent  with  its 
high  observed  G,  value  of  3.1  and  undetectable  (i.e., 
Gx  —  0)  cross-linking  propensity.  Another  benefit  is 
this  copolymer’s  relatively  high  T(  value  (98’C). 
Finally,  the  incorporation  of  32  m/o  TFMAN  reduced 
the  CFi/Oj  plasma  etch  rate  lrom  100  A/min  for  PMMA 
to  79  A/min.  Clearly,  the  incorporation  of  —  CFa  at  the 
alpha  position  leads  to  improved  resists. 

The  same  beneficial  properties  were  observed  for 
the  12/88  TFMAN /MCN  copolymer.  Its  etch  rate  (33 
A/min)  was  slightly  lower  than  that  of  PMCN  (36  A/ 
min)  and  its  sensitivity  (5  x  10s  C/cm2)  was  slightly 
better  than  that  of  PMCN  (see  Table  IV).  Even  the 
incorporation  of  only  11  m/o  of  TFMMA  into  an  MMA 
copolymer  increased  the  electron  beam  sensitivity  from 
20  x  10"*  to  15  x  10~*  C/cm2.  This  correlates  with 
this  copolymer’s  high  G,  value  of  2.4  and  Gr  =  0.  Thus, 
the  a-CF»  group  appears  to  be  a  very  promising  struc¬ 
tural  feature  to  incorporate  into  electron  beam  litho¬ 
graphic  resists.  Synthetic  work  to  prepare  copolymers 
with  higher  TFMAN  and  TFMMA  contents  are  now 
underway. 
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